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DATA FROM COMPRESSION TEST USED IN ESTIMATING RATE AND AMOUNT OF SETTLEMENT 

Reported by F. A. ROBESON, Junior Highway Engineer, Division of Tests! 

oldest problems with which engineers have had to 
deal. Until recently the only guides in predicting 

settlement were records of observed settlements of fills 
thought to have been placed under conditions similar 
to those affecting the fill for which estimates were being 
made. Only very limited records are available, and 
for most of the older fills that have settled the amount 
of settlement cannot be ascertained. In railroad 
valuation work in the swamps in the Southeastern 
States there was considerable discussion as to the 
amount to be allowed for earthwork that could not be 
measured readily because of fill settlement. 
Many fills must be placed on muck beds of sedi- 

mentary origin that are below the normal water level. 
Samples of the muck may contain considerably more 
moisture, by weight, than solid material. The beds 
range from a few feet up to 30 feet or more in thickness 
and generally rest upon sandy or gravelly material of 
relatively stable character. 

It has been observed that when fill material is placed 
on muck with distinctly fluid characteristics, the weight 
of the fill causes muck to flow outward and upward at 
the sides of the fill. Mounds of muck are formed that 
tend to produce a condition of equilibrium. At the 
same time the weight of the fill on the muck layer 
forces contained water to escape by seepage through 
the muck and the layers of material above and below 
it. If these layers are porous, final settlement will be 
attained more quickly than when the escaping water 
encounters considerable resistance. Seepage of water 
and fill settlement continue until a condition of equi- 
librium between muck stability and weight of fill is 
reached—generally a matter of several years. 

Knowledge of these characteristics has been used to 
improve methods of fill construction, Fills have been 
constructed by first placing a windrow of material along 
each edge of the proposed fill so as to trap the top layer 
of fluid muck and partly prevent the escape of muck 
to the sides. Fills are also placed in layers so as to 
allow time for the muck to consolidate under moderate 
load rather than subject it immediately to a heavy 
pressure that forces the flow of large quantities of muck 
from beneath the fill. When possible, granular material 
is used for the lower portion of the fill to facilitate 
escape of water pressed from the muck by the weight 
of the fill. 

No satisfactory method for determining fill settle- 
ment in advance of construction has been developed. 
Studies made in connection with the construction of a 
hydraulic fill on muck soil at Four Mile Run on the 
Mount Vernon Memorial Highway have resulted in the 
development of methods of estimating settlements 
based on tests of undisturbed muck samples and data 
on the weight of the fill and depth of the muck deposit. 

1 This report supplements the report entitled ‘‘A Study of Hydraulic Fill Settle- 
ment’’, by Henry Aaron, PUBLIC RoaDs, vol. 15, no. 1, March 1934, 

45430—36—1 

GS ritest probe T of fills on muck soils is one of the 

Fitu at Four Mite Run IMMEDIATELY AFTER CONSTRUCTION. 

Picture TAKEN at Low Tipe. 

Comparison has been made between the actual per- 
formance of soft undersoils under the particular condi- 
tions existing at Four Mile Run with the performance 
suggested by laboratory and mathematical analysis. 
Settlement of the fill and the moisture contents of the 
soil beneath the fill, as computed from the results of 
tests on samples of undisturbed undersoil, are compared 
in the following pages with actual settlements measured 
in the field and with moisture contents of samples taken 
from beneath the fill. 

In constructing the fill, gravel was pumped from the 
river bed by the hydraulic method and placed on a layer 
of soft river-bottom sediment, 10 to 30 feet thick, rest- 
ing on a firm sand foundation. 

The general plan of the improvement, the longitudinal 
profile of the fill material, and the manner in which it 
was deposited are shown in figure 1. Figure 2 shows 
cross sections of the fill. 

SAMPLE BORINGS TESTED IN THE LABORATORY 

Because of slides and settlement during construction, 
the quantity of fill material placed was considerably 
greater than was originally estimated to be needed. 
Six months after completion of the fill, borings were 
made through the fill material and muck undersoil as 
part of an investigation of the factors responsible for 
the necessity of using excess fill material. 

The borings were of two kinds: Probe borings, 
marked ‘‘P’’, in figure 1, that disclosed only the general 
character of the material penetrated; and sample 
borings, marked “S’”’, that furnished samples of the 
soft undersoil in the undisturbed natural state in addi- 
tion to information on the general character of the 
material penetrated. 

Data obtained from laboratory tests made it possible 
to estimate (1) the ultimate settlement of the fill; (2) 
the settlement that may be attained during any time 
interval after construction; (3) total settlement after 
any period of time due both to lateral flow of the soft 

249 
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Figure 1.—Location oF Borincs AND Progress IN Constructing HypRavtic Fint at Four Mite Run, Mount VERNON 
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Figure 2.—Cross SEcTIONS OF F1ILL As INDICATED BY BORINGS. 

undersoil during the construction and to subsequent 
consolidation of the undersoil; and (4) the degree of 
consolidation as indicated by the moisture content, at 
any given depth in the undersoil at any time subsequent 
to construction of the fill. 

The laboratory examinations included determina- 
tions of the physical characteristics of the constituents 
of the undersoil by the plasticity and shrinkage tests, 
and of the load-deformation relations of the undersoil 
in both undisturbed and remolded states by means of 
the Terzaghi compression test. 

In all, 10 core samples were tested for natural 
moisture contents and plasticity and shrinkage con- 
stants. The results are shown in table 1. It should 
be first noted (table 1) that the agreement of osberved 
natural moisture contents with the liquid limits is 
generally good, further substantiating the findings 
of Dr. Terzaghi.? 

TABLE 1.—Results of laboratory tests on cores 

Moisture 
content, | Liquid |Plasticity|Shrinkage 

Boring no. Core no. | natural | limit | index | limit 
State 

hot ere IO Nahe 2 
BARC SE Dyes ote a 
8-5... --------------2-----2---- { 14 
[ot ld a Merge eh BKM 5 

18 
for EE oe ym ndenete 9 

10 
S-9. jase eee eecees oe aw ocestsecesoece= . 

1 These cores were nonuniform and were not suitable for compression tests. There- 
fore, they are not considered in the analysis of the test data. 

The plasticity indexes and shrinkage limits are 
plotted against liquid limits in figures 3A and 3B, 
respectively. Soil classification criteria * indicate that 

2 See Simplified Soil Tests for Subgrades and Their Physical Significance, by Dr. 
Charles Terzaghi, Pusiic Roaps, vol. 7, no. 8, October 1926. 

3 See Soil Constants, by C. A. Hogentogler, A. M. Wintermyer, and E. A. Willis, 
pt. 3, Pusiic Roapbs, vol. 12, no. 5, July 1931. 

a 
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Figure 3.—PuHysicaAL CHARACTERISTICS OF Muck SAMPLE. 

these samples have the properties of the A-8 subgrade 
group with less plasticity and more elasticity than the 
highly flocculated clays of the A-7 group. 

Whereas purely inert fine clay particles could furnish 
the plasticity indicated by curve 3, such particles 
would produce shrinkage limits indicated by curve 5. 
Plastic colloidal clays with decomposed organic matter, 
however, containing elastic materials such as fibrous 
organic matter or diatoms, would have the constants 
shown in figures 3A and 3B. 

The fact that the plotted plasticity indexes and 
shrinkage limits have approximately a straight-line 
relation to the liquid limits indicates variation in sand 
content only. Considerable change in character of fine 
material would cause corresponding variations from 
the straight-line relation. 

TERZAGHI COMPRESSION DEVICE DESCRIBED 

The essential features of the Terzaghi compression 
device * are illustrated in figure 4.° A soil sample is 
placed between two porous stones, the upper one 
forming the base of a piston which loads the sample. 
Water drains freely from both faces of the sample 
under pressure and passes through the stones, escaping 
from overflow orifices a and b. This egress of water 
reduces the thickness of the sample which cannot be 
deformed laterally. The compression of the sample 
is measured by very sensitive micrometer dials. 

Loads are applied in successive increments, each 
load being about double the preceding one, the maxi- 
mum being equal to or greater than the pressure on 
the stratum from which the sample was taken. The 
density of the sample at various stages of the loading 
is indicated by either the moisture content or the 
ratio of pores to solids and is termed the voids ratio 
of the soul mass.5 Each load increment is allowed to 

4 See Subgrade Soil Constants, Their Significance, and Their Application in Prac- 
tice, by C. A. Hogentogler, A. M. Wintermyer, and E. A. Willis, PuBLic Roaps, 
vol. 12, no. 4, June 1931; Principles of Final Soil Classification, by Dr. Charles Ter- 
zaghi, PUBLIC ROADs, vol. 8, no. 3, May 1927; Soil Mechanics Research, by Dr. Glen- 
non Gilboy, Proceedings American Society of Civil Engineers, vol. 57, no. 8, October 
1931; and The Structure of Clay and Its Importance in Foundation Engineering, by 
Arthur Casagrande, Journal of the Boston Society of Civil Engineers, vol. 19, no. 4, 
Apri} 1932 

Voids ratio, e, equals moisture content, #, multiplied by the specific gravity of 
the soil solids, G,. 
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LOAD 
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Figure 4.—EssENnTIAL ELEMENTS OF TERZAGHI COMPRESSION 
DEVICE. 

act until further consolidation of the sample under 
that load is immeasurable. Thus the voids ratio at 
any stage of loading indicates the maximum density 
likely to be produced by the corresponding load. 

In the determination of the load-deformation char- 
acteristics of the material in the natural state the 
samples were transferred from the hermetically sealed 
containers in which the soil was placed at the time of 
sampling to the testing apparatus with as little dis- 
turbance as possible. 
A disk of undisturbed material was carefully cut 

from each core, trimmed to the correct diameter with 
a plano wire saw, and carefully placed in the testing 
apparatus. This transfer was made in a damp closet 
to prevent loss of moisture from the sample. 

TEST FURNISHES LOAD-COMPRESSION, LOAD-EXPANSION, AND 

TIME-COMPRESSION DATA 

In the test to determine properties of the disturbed 
material, a sample of soil from each core was first 
thoroughly manipulated by means of a spatula with 
no addition of water and then carefully placed in the 
testing apparatus. 

The compression test furnishes three relations as 
follows: 

1. Load-compression, 
ratio and increasing load. 

2. Load-expansion, or relation between voids ratio 
and decreasing load. 

3. Time-compression, or relation between percent- 
age of consolidation and time. 

Curves presenting these relations are shown in 
figure 5.6 They were based on tests of a remolded 
sample from core no. 5, boring S-6, located 80 feet to 
the left of the centerline, station 178+ 50. 

6 In the compression test the loads are expressed in kgs persq,cm. Onekg per sq. 
cm equals 2,048.5 pounds or approximately 1 ton per sq. ft. For convenience in pre- 
senting the analysis of the compression test data, therefore, kgs per sq. em and tons 
per sq. ft. are used more or less interchangeably. 

or relation between voids 
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Figure 5.—COMPRESSION AND EXPANSION TEST RESULTS ON 
DistuRBED MatTrerIaAL From Core No. 5. 

According to the load-compression curve, figure 5, 
increasing the load from 0.048 kilogram per square 
centimeter to 0.113 kilogram per square centimeter 
compresses the sample from a voids ratio of 2.87 
(moisture content 110.4 percent) to a voids ratio of 
2.54 (moisture content of 97.7 percent). According 
to the load-expansion curve, decreasing the load from 
0.4 kilogram per square centimeter to 0.1 kilogram per 
square centimeter increases the voids ratio from 1.91 
(moisture content 73.5) to 2.03 (moisture content 
78.1). According to the time compression curve, 52 
percent of the above compression occurs in 25 minutes. 
Thus the voids ratio of the sample 25 minutes after 
the load was increased from 0.048 kilogram per square 
centimeter to 0.113 kilogram per square centimeter 

equals 2.87 — oe X (2.87 —2.54) or 2.70, 

The relative periods of load application producing 
equal percentages of compression in the soil strata and 
in their representative laboratory samples depend upon 
the relative distances that water must travel to escape. 
If the field stratum is free to drain from both upper and 
lower surfaces (as when between two permeable layers) 

the ratio of the rate of compression of the stratum to 
that of the laboratory sample representing it is equal to 
the ratio of the squares of their respective thicknesses. 
If, however, the stratum can drain from only one surface 
then the ratio of the two rates of compression is equal 
to four times the ratio of the squares of their respective 
thicknesses. This will be developed later. 

To illustrate, assume that a load of 0.048 kilogram 
per square centimeter that has acted for a long time on 
a muck layer 10 feet thick is increased to 0.113 kilogram 
per square centimeter. Considering that the curves, 
figure 5, represent the laboratory test on a sample of 
the field layer, the voids ratio of the field layer will 
decrease from 2.87 to 2.54 ultimately under this new 
load. This represents a decrease in thickness of 

2.87 —2.54 
512876. X100 or 8.5 percent of the total. Conse- 

quently the ultimate thickness equals (1.00—0.085) x 
10 or 9.15 feet, a compression of 0.85 foot. If the labora- 
tory sample is 0.4 inch thick at a voids ratio of 2.87, 
the ratio of the time to effect consolidation of the 
stratum to the time to produce the same condition in 

(1012)? 
the sample is TR or 90,000 to 1. In other words 

an effect is produced on the laboratory sample in 1 
minute equivalent to that produced on the stratum in 
the field in 90,000 minutes, or about 60 days. The time- 
compression curve, figure 5, shows that 15 percent of the 
consolidation occurs in that time. Consequently the 
thickness of the muck layer 60 days after the increase 

in load was 10—( 5450.85 ) or about 9.9 feet. 

COMPUTED SETTLEMENTS AGREE CLOSELY WITH ACTUAL 

SETTLEMENTS 

For reasons noted in table 1, four of the core samples 
were considered as being unsuited for use in the settle- 
ment analysis. Compression-test data for the remaining 
six samples are shown in figure 6. This figure shows the 
profile of each boring and the compression characteris- 
tics of the materials in both the natural, or undis- 
turbed state, and the remolded, or disturbed state. 

It is noted that in every instance equal loads produced 
greater compression of the disturbed material than of 
the undisturbed material. This action, well recognized 
by foundation engineers, is caused by a breaking down 
of the soil structure by mixing. 

Tables 2 and 8 and figure 7 show computed moisture 
contents and settlements based on the characteristics 
of the materials and these values are compared with 
actual settlements as measured and moisture contents 
as determined by drying samples. 

TABLE 2.—Computed and measured moisture contents 

Moisture content 

Material 
from core 

Computed Measured 

Percent Percent 
it 123 108 
2 60 76 
5 123 125 
6 77 79 
9 86 105 

10 109 116 

— Te 
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TABLE 3.—Estimated settlements caused by lateral flow that occurred during construction and observed! and computed settlements that 
occurred after construction 

40 feet left of 1754-50 At 175+-50 30 feet right of 175+-50 30 feet left of 178-+-50 At 178+-50 

Computed Computed Computed Computed Computed 

Meas Meas Meas Meas Meas 

Core | Core | Vel | Gore | Core | U4 | Core | Core | U4 | Core | Core | U4 | Core | Core | ured 
2 10 2 10 2 10 2 10 2 10 

Fee Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet 
enion Cheers er ae eee ee 0.2 0.9 0.3 0.3 0.9 0.4 (8) 1.0 0.3 0.3 0.9 0.3 0.2 0.9 0.2 
Girton t isee eee Sets ere EP es 2a 6 2:2 .8 .6 2.2 9 6 2.2 otf .6 2.2 .9 5 1.8 ot 
P2imMonthSlns = eee eee Agi 2.8 1.0 8 2.8 1.1 .8 2.8 ot!) .8 2.8 1.1 ANG Pgh | 9 
DOO DNS see eee eee ee gee os 9 Shs |eae eee ee .9 3.1 1.4 9 5 MN De ERE .9 Cpe I |S: aids 2.2 ill 
DOTMON EMS se ie eee eee 1.0 Sits | wee eee 1.0 3.3 1.6 1.0 vom se eee 1.0 OSouee nase = 8 2.3 1.3 
Wiltini ste oe oe eee ee. 1.6 450 Sete eee a: a! Je) eee 3 1.6 Oo Snl acon eae 1.6 STA ae eee 1.0 256" oe ween 

acorn Lo We ee 3. 5 15.00 sce Se Bee Gu Se 228 Oe 1 patil | pale 2.4 RG. oases 4.4 Si Nese 
| 

30 feet right of 178+-50 20 feet left of 184+-00 At 184+-00 30 feet right of 1844-00 At 187+-00 

Computed Computed Computed Computed Computed 

Meas Meas Meas Meas Meas 

Core | Core | Y°4 | Core | Core | 4 | Core | Core | YC4 | Core | Core | UC4 | Core | Core | ured 
10 1 2 10 2 10 2 10 

Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet Feet 
5 DVViYE) TAD, Sons eh os oe Se CE ga ey ne 0. 2 0.9 0.3 0, 2 0. 4 0.2 0.2 0. 4 0.3 0.1 0.4 0.4 0. 2 0.6 0.5 
BOUL NS eer eee Be ee ene, ra) onl wis} 4 1.4 8 4 156 .9 yes 1,4 1.0 But) 2.0 1.4 
TD TION CIS sa ee a ek Pel ee owl 2.6 iL Bl .6 2.3 1.4 .6 2.2 1.5 WO 2.0 1.6 att 2.8 1.9 
QOMNONCHS Re Soke s ew eee ee ee aa ee .8 a0) Sack oe = aT DEOE | oe ave 2.9 1.9 .6 7 ee 9 3.4 2.4 
BGO Lasts ee tee fe eee A .9 Bea oul Meee, 1.0 a iatotia ease 1.0 3.7 2.9 Sd 5 Fp baa ee fe eae 1,2 4,2 3.1 
TEIN ATC eee en ce eS ee 15 CHIGTA ee Bee 3.4 Si 2h eae ceee 2.8 628) (Se oceecs iad Aiea See 2.6 620s(o5.-5255 

Materal tio wereseetee no eee ee teases 3.6 210%) Seeeoee = 2.9 Ve Oulesesoe= = 4.9 358) |Zeneonee 16.7 15:6) (Es-ce22- 6.3 op eNy eae ye SE ote 

1 Measurements on centerline locations continued after construction of pavement. 

Data for 10 locations are given in figure 7. The 
shaded bands show the range of possible settlements 
as computed from data obtained by tests of core 2 
material representing the stiffest muck and core 10 
material representing the softest muck in the deposit. 
Choice of these two was made on the basis of the load- 
compression and time-compression characteristics of 
the six cores investigated. 

Table 3 contains the settlement data from which 
figure 7 was plotted. It will be noted that for the four 
centerline locations the measured settlements are re- 
corded for 36 months. This is because only the levels 
at the centerline location were continued after the 
construction of the paved roadway. 

According to table 3 the losses in thickness resulting’ 
from lateral flow were, in many cases, much greater 
than the computed ultimate settlements. This indi- 
cates that these losses are likely to be proportionately 
greater than those resulting from settlement in fills 
over similar muck beds. 

All of the observed settlements are within the range 
of the computed maximum and minimum settlements. 
Since the computed maximum settlements were always 
greater than the observed settlements, errors in the 
computed settlements are on the conservative side. 
The differences between observed and computed settle- 
ments and moisture contents are not due to faulty 
theory but result from certain assumptions used in the 
computations in the absence of information that could 
only be obtained with considerable difficulty. 

ASSUMPTION AS TO CHARACTER OF MUCK MUST BE MADE WITH 

CARE 

In the foregoing computations there were two assump- 
tions that are most likely to be at fault. They are 
that the muck was uniform throughout the depth of 
the deposit at any location and that moisture was free 

to flow from both top and bottom of the compressed 
layer. Actually, boring S—7, from which three cores 
were taken, indicated mucks having liquid limits vary- 
ing from 89 to 112, and boring S—-9, from which two 
cores were taken, had a liquid limit range of 62 to 79. 

Visual inspection of the cores showed that the sand 
content varied considerably within the depth of the 
cores themselves. This was positive evidence of 
nonuniformity of the soil within a 1-foot range. _ 

As previously stated, the rate of settlement is but 
one-fourth as rapid when the water is free to flow from 
only one face instead of both faces of the soil layer. 
The intrusion of stiff soil laminations into a more 
permeable layer tends to interfere with the free flow of 
water and to retard the process of settlement. In a 
layer of stiff muck, thin deposits of soft muck tend to 
increase the rate of settlement. Therefore, assuming 
free flow through both top and bottom of the layer, 
settlements computed on the basis of the stiff muck 
are apt to be less than those observed, whereas settle- 
ments computed on the basis of the soft muck will 
undoubtedly be larger than those actually occurring. 

This is illustrated in figure 8. All the information 
in the case of boring S-2 indicates that muck repre- 
sented by core 2 dominates. As is shown by figure 8, 
the observed settlement is slightly greater than that 
computed on the basis of core 2 material. Pale 

All the information in the case of boring S—7 indi- 
cates that core 10 material dominates but the deposit 
contains layers of core 9 material. As would be ex- 
pected, therefore, the observed settlement (full-line 

curve, fig. 8) lies between settlements computed on the 
basis of the materials from cores 9 and 10, on the 
assumption of free flow in both directions. 

The observed settlements, however, are greater than 
those computed on the basis of core 10 material when 

free to discharge water from one face only. It is 
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Figure 6.—HssentTiaAL DATA ON CorE 

indicated that the laminations of core 9 material re- 
tard the flow of water through the core 10 material 
but do not completely seal off the flow from either face. 

In this connection it can be noted in table 2 that 
there is a much better agreement between the com- 
puted and measured moisture contents of core 10 ma- 
terial than of core 9 material. 

RESULTS OF INVESTIGATION SUMMARIZED 

The study of conditions at Four Mile Run has re- 
sulted in the following conclusions: 

1. The muck at Four Mile Run belongs to the truly 
unstable group designated as A-8. It is distinguished 
by high water capacity, relatively low plasticity, and 
high elasticity. 

2. The wide range of observed moisture contents— 
76 to 125 percent of weight of dried soil—is caused by 
differences in the compressibility of the soil at different 
locations in the deposit. 

3. Differences in the compressibility of the soil re- 
sult from variations in the clay content more than from 
variation in the activity of the clay content. 

4. The agreement between the computed and the 
observed settlements indicates that the settlements of 
soil layers in place follow the same laws used in the 
analysis of data obtained by laboratory compression 
tests. The lack of agreement between observed and 

MATERIALS USED IN THE ANALYSES. 

computed settlements is caused by lack of uniformity 
of the soil deposits. The theory regarding the relative 
amounts and rates of consolidation of laboratory samples 
and field strata seems entirely sound. 

5. The agreement between the computed and the 
determined moisture contents, although not exact, is 
close enough to emphasize that wide variation in ob- 
served moisture contents at different locations in a 
soil deposit are not the result of haphazard circum- 
stances, but instead are the demonstration of fairl 
well understood physical laws that control the consoli- 
dation of sediments. 

6. Close agreement between observed and computed 
settlements is due largely to the uniformity of the soil 
deposit investigated. The greater the uniformity the 
more accurately will the computed settlements indi- 
cate the actual settlements. 

7. Lateral flow is a major cause for concern in placing 
fills on muck deposits of the type described. Con- 
struction methods that will lessen or prevent lateral flow 
are highly desirable and contribute to greater accuracy 
in forecasting probable settlements.’ 

TEST PROCEDURE AND ANALYSIS OF DATA DISCUSSED 

The foregoing discussion has been prepared to illus- 
trate in a general way how problems of fill settlement 

7 See A Study of Hydraulic Fill Settlement, by Henry Aaron, PuBLIc Roaps, vol. 15, 
no. 1, March 1934. 

~~ = 
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TasBLE 4.—Data furnished by the combined compression and 9 AO FEET LEFT STATION 175450 - BORING S-2 30 FEET RIGHT STATION 178+50 - BORING P-8 

permeability tests on Four Mile Run core sample no. & remolded niet: 
at natural moisture content 1 WPL IIT IORI 

A—GENERAL DATA 

Depth of soil chamber, start of test..........------ _. 0.4254 inches. 
Cross-sectional area of compressibility chamber, A- .- 38.5 Sq. cms. 
Lever ratio (loads placed directly on piston) --- Exhale 
Cross-sectional area of permeameter tube, a-_--- 0.10 sq. cms. 
Specific gravity of soil solids, G,-.......--..-------.--- Ba? 60; 
ENIGIALINOISLUTO CONLCNUs so eave sek een a cee eo bee bese see .- 128.0 percent. 
Rene a ee 2 end nf bit Be a eC SR BER, oe grams. > 

eight o SOW ALCNGLON LOSE: ooo e eee eee re oe oe ee ee 25.46 grams. aan 
Moisture content at end of test......-.-----.-.------------------- 82.7 percent. BE LEU SAE eee 

B—LOAD-COMPRESSION AND TIME-COMPRESSION DATA 

Load Micrometer reading 

Elapsed ‘ 
Date | Hour ee S Total re regia 

t ncre- uni ' ver- 
ane pres- Left | Right age 

sure (p) 

Raat a CENTER LINE STATION 184+00 - BORING S-7 

Min- K@ per | Inches | Inches | Inches | Inches | Per- 
utes sq. cm | X 10-4] & 10-4] X 10-4] & 10-4] cent 

ee eas None....| Nona 0 0 5 
0 0. 048 0 ws 

1, 390 . 048 379 ' 
0 -113 379 = 

P 113 418 = 
1 1135] wn 429 ; % 
2 ~113 444 443 | 443.5 64. 5 19.7 G 
3 113 455 453 | 454.5 75. 5 23.1 a 
4 mills 464 463 | 463.5 84.5 25.8 
5 ells 470 472 | 471 92 28.1 
6 mle 478 480 | 479 100 30.5 
8 . 113 489 491 | 490 111 33.9 30° FEET RIGHT STATION 184+00 - BORING P-I4 

10 .113| 499] 501 | 500 | 121 37.0 a, ee ' 
12 otis 504 508 | 506 127 38.8 2 Yysyy YY 
15 113 516 613 | 614.5 | 135.5 41.4 LK LLL. 
20 -113 530 535 | 532.5} 153.5 46.9 
25 -113 547 550 | 548.5 | 169.5 61.8 

: 30 113 559 562 | 560.5 | 181.5 55.4 
Desi. 4:15 | 45 -113] 586} 588) 587 | 208 | 63.5 

a.m. 
Aug. 30._..} 9:10 |1,060 nec OO pees 113 689 697 | 693 314 95.9 

Pp. m. | J 
1D Ya ee pe oe e2hat Sl6 ea edore- sable 700 713 | 706.5 |2327.5 | 100.0 
WObees e810 0 Third_..| .244 700 file i ha cade rg 5) aoe ee ee EO CENTER LINE STATION 178450 -BORING P-6 CENTER LINE STATION 187+00 - BORING P-I8 

Sept. 1_-.-- 2:30 [2,820 |_.-do_.-__ POL PEP OOS! | ORS) | O78 ech. ves es| a y measure] ; 
ID Yee oe Sas 4:35 0 Fourth..| .634 968 O88 aie. aes? (eeotee SETTLEMENT 

Sept a2sec-- Te 1On ih Zoomer sec Osseo 6041/01, 329) te o6nu/1, 3471p leecs fs. eee Ne 

C—LOAD-EXPANSION DATA 1.6 

p.m. f 2.4 
Sept. 2.-.-- Oa aE Ihr ees EON 244 le o20aleL 36h, (eascs.-|oncee ss ewes RANGE: OF ESTIMATED 

SETTLEMENTS 

a.m. 3.2 ; 
Sept. 3-.--- UTA 5 (ease eee ous SOAs el Stale ol 41s 200m |aae eee eee 0 2 4 6 8 10 (nero 2 4 6 8 10 12 

Doteeso gb Ee i eae a Second.. a Lay ean aa ML olay |i cckee. [it 282 TOE ST ke PERIOD OF SETTLEMENT ~ MONTHS 
Opty feeeee RU ea ee a dorsee- PLL Say elo Us 2O0r Lead e Wee eset 
Doe leer10 Meek First_.--| 1048 | 1,218 | 1/250 Rl apes entae FicurE 7.—ComMpPaRIsON OF MEASURED AND EsTIMATED FILL 

Sept. 5.-.-- OS30 Ne sen ecole dotsse- MOSS Rok LALA TOU Mele oes fee SETTLEMENTS. 

D—PERMEABILITY TEST DATA 2 8 40 FEET LEFT STATION 175+50 ~ BORING S-2 CENTER SE STHTOh 184 +00 - BORING S-7 s 

CORE 2 

Permea- __Head_of water! ese ee ee, Ot a 

Temper-| Elapsed |} meter |—————————— a eel PE 
Date ature (T)} time tube Lone = 

reading hy ha 5 pres e eS. © 
ee | eee eee my nec | Ms me * 

°C. Minutes m cm re \ | Ps 
Aug. 30... -------------------- 0 0. 11 bY Wa i (eve 15 ies : +— are Bae 

60 R26) eer oceere 22. 89 a s i <ul 
1D Yn st Se en ee ee 27.2 0 é O40 145 eee eee = AN CORE 10 val 

StEresa=F 5 60 on ene aaa 22. 99 Tee SSI connie! - fe ; 7 Sarr eee 
BN ks SES a ae ae eee | + 

TS SEE p as eae SAE ern ll Aegean Seu WL rare 24,14 22. 94 ne | Mare esas 20S ie es (a [Seal 

1 Abbreviated to include only one set of time-compression readings and one per ie | Sak 2S OS eee 
meability test. 0 2 4 6 8 0 12. 0 2 4 6 8 10 12 

2 Total consolidation under second load increment. PERIOD OF SETTLEMENT - MONTHS 
3 For test performed at end of second load increment. 
4 Values corrected for capillary rise in permeameter tube. Figure 8.—CoMPputreD AND MEASURED SETTLEMENTS OF RELA- 

TIVELY StirF AND Sort MuvckKSs. 
may be attacked. The soil specialist dealing with 
such problems will desire a more detailed account of | procedure but no detailed description of the procedure 
the procedure involved. In the following pages an | is known to have been published. It is not the primary 
effort is made to give such information. purpose of this report to give the procedure, but the 

The small number of laboratories equipped to make | condensed data with computations and explanations 
the compression test follow a more or less standard | presented in table 4 will enable one to perform the test. 
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Table 4 shows the data from which the curves of 
figure 5 were drawn. It also shows the results of one 
permeability test. The permeability test is not used 
in the subsequent analyses and is presented in table 4 
only because it is usually performed in conjunction 
with the compression test. In performing the per- 
meability test a permeameter tube is attached to one 
of the orifices a, figure 4, with the other orifice a closed, 
permitting the flow of water through the soil under 
known heads, the water escaping through orifice b. 

Table 4—A presents such general information concern- 
ing the sample and apparatus as is necessary in com- 
puting results. If routine tests are not contemplated, 
it is necessary to determine the specific gravity by a 
separate test. 

Table 4—B presents data taken during the applica- 
tion of load to the sample and includes a complete 
set of time-displacement readings. At the start of 
the test a pin holds the piston in a fixed position in the 
cylinder. Dial-type micrometers are attached and 
set at a suitable initial reading, which was zero in this 
case. 

Table 4—-C presents the load-expansion data. The 
loads are usually removed in reverse order to that used 
in the load-compression portion of the test. 

Table 4—D gives the permeability test data. This 
test is usually run after the application of each load 
increment when the soil has reached a constant voids 
ratio for that load. The drop in head as measured in 
a permeameter tube is noted for a 60-minute interval. 
A check run is usually made to make sure that the 
apparatus is working properly as leaky apparatus must 
be guarded against. 

Table 5 shows the computed results of the load-com- 
pression and load-expansion tests. The loads and 
average micrometer readings are taken from table 4. 
The thickness of the soil cake can be determined for 
all loads by subtracting the average micrometer reading 
from the initial depth of the soil chamber, which is 
0.4254 inch. If the initial micrometer reading is 
other than zero, it is necessary to apply a correction 
to each average reading before the actual thickness of 
the soil cake can be determined. 

TABLE 5.—Results of combined compression and permeability 
test on core sample no. 5, remolded at natural moisture content 

LOAD-COMPRESSION DATA 

Toad Coefficient of perme- 
ability 

setedek, Thickness | Voids noe. 
Total eter of soil ratio - a 

’ cake (d) | (e) ipo ° ° 
Increment | Pres- | reading (T) | For TG, || For 20°C, 

sure (Kr) (K20) 
(p) 

Kg per| Inches Inches Cm/sec. Cm/sec. 
: sg.cm| X10-4 10-4 GL. 10-8 x10-6 

INone2 2-2-0 0 4, 254 Oc |Seaeek | sete Tan Leek eee 
Dirst=ss es 0. 048 379 3, 875 7 ts fal (ered pe i NE Se OD I oe 
Second tease . 113 707 3, 547 2. 54 27,2 0. 033 0. 028 
air se . 244 978 3, 276 Ds 2 el Seen | tees ee ee eee 
Fourth___.. . 634 1, 347 2, 907 1,903} Seen Pal ee ee eee | a 

LOAD-EXPANSION DATA 

Thirds =. = 0. 244 1, 299 2, 955 1951] Se ly Aer er es Fes pees ee 
Second ra -113 1, 234 3, 020 23. O27 | eka SAP SE See See ee || eee eee 
Lib) ey ee . 048 1, 129 3, 125 PO ee Sie ae Pa Se 24 Oa Sn 
INonerosas4 Oe 222. cerns 13,155 Sa LGM sol el ae Ee Se beet 

1 Computed value. 

PUBLIC ROADS Vol. 16, No. 12 

CHANGES MADE IN NOMENCLATURE 

The nomenclature used in this report differs in some 
respects from that previously published. Changes 
were made for the purpose of clarity. The nomencla- 
ture is as follows: 

e=voids ratio. 
d=thickness of soil sample at e voids ratio. 
d)=thickness of soil sample at zero voids ratio. 
W,=weight of dry soil. 
G,=specific gravity of soil solids. 
A=cross-sectional area of compressibility 

chamber. 
k =coefficient of permeability (general designa- 

tion). 
ge of permeability at temperature 

ghe 

a=cross-sectional area of permeameter tube. 
t,—t,=elapsed time for permeability measurement. 

h, and ho=the heads of water observed at times ¢,; and 
t,, respectively. 

Np and na=viscosities of water at T° C. and 20° C., 
respectively. 

ko=coefficient of permeability corrected to 
202; 

p=pressure per unit area. 
B=intercept of straight-line portion of the 

semilog plot of the compression curve 
with the 1.0 kilogram per square centi- 
meter ordinate. 

Z=slope of the compression curve when plotted 
on a semilog scale or change in value e for 
unit change of log p. 

r=2+log p. 
€;=voids ratio under pressure 7. 
é.=voids ratio under pressure 7». 
d,=thickness of soil sample at e¢;. 
D,=thickness of field layer at e. 
t=time, see development of formula 7, p. 261. 
tz—time required for soil sample to consolidate 

from ¢é; to é. 
tp=time required for field layer to consolidate 

from ¢é; tO é. 
IW,=weight of immersed solid material. 
V=volume of soil mass. 
G.=specific gravity of water. 

The voids ratio, e, can be computed for any thickness 
of soil cake, d, by the formula 

The value of d, represents the thickness of the soil 
cake at zero voids ratio and is constant for any single 
test. It is determined from the weight of dry soil, W,, 
specific gravity of soil solids, G,, and area of soil chamber 
A by the formula 

Substituting the values given in table 4 for these 
factors for this particular test 

25.46 
1 2.60 X38:6 

It is noted from table 5 that the thickness of the soil 
cake for the zero load of the rebound is given. Since 

do =0.2545 centimeter or 0.1002 inch. 
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the weight of the piston is acting on the sample as long 
as the micrometers are in position, this value must be 
computed. Usually, for stiff soils the load of the piston 
at the final micrometer reading is considered as zero, 
but in soft muck soils this assumption results in an error 
of measurable proportions. This thickness is computed 
as follows: 

According to the data in table 4—-A, the amount of 
water in the soil at the end of the test is 21.05 grams. 
If placed separately in the soil chamber this water will 
occupy a thickness of 

21.05 
38.5 X 2.54 

Since the soil has a thickness of 0.1002 inch, the total 
thickness of soil cake for zero load should be 0.2153-+ 
0.1002, or 0.8155 inch. This method is sometimes used 
to check the results on stiff soils. 

The time-compression relation is shown for the second 
load increment in table 4-B. The two micrometer 
readings were averaged and the total deformation under 
this load found to be 327.510~* inches. Considering 
this value as 100 percent compression the corresponding 
percentage for all time readings are computed as shown. 

The coefficient of permeability, k, is the velocity of 
flow in centimeters per second, feet per second, etc., 
at a hydraulic gradient of unity, that is, when the drop 
of pressure between two points in a soil column equals 
the horizontal distance between the points. The co- 
efficient of permeability is dependent on temperature 
and, accordingly, the practice has been to correct all 
determined values of k to 20°C. The general formula ’ 
for computing the coefficient of permeability ky is 

oe 2.3 ad 

" A(b—t) 

=().2153 inch. 

in which 
k7=coefficient of permeability at 7°C. 
a=cross-sectional area of the permeameter tube. 
d=the thickness of the soil cake. 
A=cvross-sectional area of the soil cake or com- 

pressibility chamber. 
t.—t,— time in seconds. 

h; and hy=heads of water acting at times ¢, and ty, re- 
spectively. 

Substitution of the values given in tables 4 and 5 
gives, 

epee 223 X0-10 X (0.3547 X2.54) | 24.14 
Le 38.5 X3,600 8 99.94 

k7=0.033 X10~* centimeters per second. 

The temperature of air and water during the test was 
27.2° C. The correction coefficient for temperature 

equals a in which nz and np are values of the viscosity 
20 

of water at 7° C. and 20° C., respectively. For 7= 
27.2° C. the correction coefficient becomes 0.844. Con- 
sequently, k»=kr <0.844=0.028 X 10~* centimeters per 
second. 

JUDGMENT AND EXPERIENCE NEEDED IN INTERPRETING TEST 

DATA 

With proper equipment no difficulty should be en- 
countered in performing the compression test or in 
expressing the results. In contrast, however, inter- 

8 For derivation of this formula see Soil Mechanics Research, by Dr. Glennon Gilboy, 
Proceedings American Society of Civil Engineers, vol. 57, no. 8, October 1931. 
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pretation of the test data is a matter of judgment and 
experience that does not lend itself so readily to stand- 
ardization. The basis of the engineer’s judgment is 
his opinion of the extent to which the conditions of test 
represent those produced by the environment of the 
particular soil stratum in place. 

The methods used in computing the moisture con- 
tents and the settlements are described in detail because 
they call attention to some of the considerations that 
influence the interpretation of the test data. 

The following method of applying the test data has 
been used. Other methods might have been used, but 
the method described was chosen as suitable in this 
case, since the relative effect of the compression and 
sliding that occurred in the undersoil during placement 
of the fill could not be determined. Also, it was not 
known whether the core samples represented the muck 
as it existed before the construction of the fill, or in 
some condition of partial disturbance caused by the 
fill construction. In this analysis assumptions were 
made as follows: 

1. The compression is direct, with no lateral flow 
involved after completion of the fill. 

2. The muck bed had reached a state of ultimate 
consolidation caused by its own weight before place- 
ment of the fill and was in natural undisturbed state. 

3. The weight of muck in the original layer is equiva- 
lent to that of a material having a specific gravity of 2.6 
and a voids ratio as indicated by the load-compression 
curve. 

4. Hydrostatic uplift exists below mean water level 
or zero elevation. 

5. The effective weight of the gravel fill is 110 pounds 
per cubic foot above zero elevation and 68.5 pounds per 
cubic foot below zero elevation. The effective weight 
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of displaced muck is 54 pounds per cubic foot above zero 
elevation and 33 pounds per cubic foot below zero 
elevation. 

6. In computing the moisture contents, the loads were 
assumed to equal the weight of the materials above the 
sample location as disclosed by the test borings, and the 
period during which these loads were acting was 
assumed to be 6 months. 

7. The average of the voids ratios, taken at 1-foot 
intervals from top to bottom of the muck layer, was used 
in computing the fill settlement. The actual voids 
ratios at the location of the particular sample, in con- 
trast, were used in computing the moisture contents. 

8. The load-compression curve discloses the relation 
between load and voids ratio within the load range 
shown, regardless of (a) the number of increments in 
which the load is applied, and (6) the moisture content 
of the muck at the start of the test, provided the pores 
are entirely filled with moisture. This assumption is 
warranted by the results of studies made in the Bureau’s 
soils laboratory. 

The results of two compression tests on a muck soil 
are shown in figure 9, in which voids ratios are plotted 
against time. In test ‘‘a’”’, starting at a voids ratio of 
about 5.52, the sample was compressed under a load of 
1 ton per square foot for about 6 days. The final voids 
ratio was about 3.30. In test ‘“b’’, starting at a voids 
ratio of about 5.39, the sample was compressed under 
the same load applied in 3 increments as shown, each 

increment acting for about 2 days. The final voids 
ratio was about 3.27, varying less than-1 percent from 
that of test ‘‘a.”’ 

INITIAL MOISTURE CONTENT FOUND TO AFFECT ULTIMATE 

COMPACTION BUT SLIGHTLY 

The results of two sets of compression tests started at 
different moisture contents are shown in figure 10. To 
facilitate the comparison, time is plotted on a logarith- 
mic scale. The three initial moisture contents for each 
set are designated “above the liquid limit”’, “‘at the liq- 
uid limit’’, and “‘below the liquid limit.’”? A load of 2 
tons per square foot was used in each test. The two 
soils, an A-6 clay and A-8 muck, represent two types of 
material commonly encountered in settlement problems. 

The variation in the resulting voids ratios of the three 
tests on the clay soil is the difference between 1.02 and 
0.97 or 0.05, a variation of about 5 percent. Those of 
the muck show a variation in voids ratios of 0.09, or 
about 9 percent. It should be noted that the curves 
for the muck come together at about 4 minutes, and the 
curve for test 1 is practically horizontal from that point 
on, indicating the probability of some sticking in the 
machine. Also, although the muck tests were contin- 
ued for as long a time as the clay tests, they were plotted 
only to about 150 minutes because they are practically 
horizontal beyond that point. It is apparent from thése 
tests that the final voids ratio is not appreciably 
dependent on the initial moisture content. 

en a a 
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9. At any stage of loading, equilibrium between load 
and pores, as disclosed by the load-compression curve, 
exists throughout the depth of any muck layer. 

10. The average time-compression curve that is used 
discloses the relation between duration of load incre- 
ment and percentage of compression caused by any load 
increment within the load range of 0.01 ton per square 
eee and that required to compress the soil to its plastic 
init. 
A study of the time-compression data for different 

load increments discloses that no two of the several 
curves determined for each test are identical. How- 
ever, variations between the curves are independent of 
load increment and no apparent relation exists. Gen- 
erally the average of the several sets of data furnishes 
a curve within 10 percent of any individual curve at 
all time ordinates. Consequently, it seems practical 
to make use of this average curve. 

FORM OF TYPICAL LOAD-COMPRESSION CURVES DETERMINED 

Comprehensive study of all the compression test 
data furnished by the Bureau’s investigations discloses 
that, when plotted to a semilogarithmic scale, the load- 
compression relation generally results in a curve that 
becomes a straight line for loads greater than 0.1 kilo- 
gram per square centimeter. Figure 11 shows the 
compression test data for the soils used in this analysis. 

For values of p greater than 0.1 kilogram per square 
centimeter the data results in straight lines of the 
form 

SG EVAN GLIY IY eee nONs Eee ren (4) 

in which B is the intercept of the straight-line portion 
of the curve at the 1.0 kilogram per square centimeter 
ordinate, and —Z is the slope of the semilog plot of the 
curve, or range in value e for unit change of log p. Z 
may be termed the ‘‘compression index”’ of the soil. 
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The relation between the slopes and intercepts for 
the mucks used in this analysis are plotted in figure 12, 
and are found to conform closely to the formula 

IBA ANG) Oey ev Apes re BAY NT See (5) 

The relations between the slopes and intercepts of 
a great number of load-compression curves are also 
plotted in figure 12, and are very roughly represented 
by line A. 

Figure 13 shows a very general relation between the 
compression index Z and the liquid limit of the mucks 
used in this analysis. This fact makes possible a short 
and approximate method of estimating settlements 
which will be discussed later. 

For pressures less than about 0.1 kilogram per square 
centimeter the load-compression relation may vary 
from a horizontal line to a curve of form depending 
upon such factors as: 

1. The degree of consolidation of the sample at the 
beginning of the test. 

2. The degree to which the surfaces of the sample 
were disturbed during its transfer from the core con- 
tainer to the testing apparatus. 

3. Experimental errors caused by friction or by char- 
acteristics of the testing apparatus. 

Were the effect of these and possibly other influences 
removed, the straight-line portion of the semilog plot 
of the curve for loads greater than 0.1 kilogram per 
square centimeter could be extended for loads less than 
0.1 kilogram per square centimeter until a maximum 
voids ratio equal to that of the soil immediately after 
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settling out of suspension is reached. Flocculation 
tests ° performed on similar materials indicate that for 
a soil similar to that of core 5, the maximum voids 
tatio would be about 7.0. 

This high voids ratio, however, exists but temporarily. 
A better starting point is the voids ratio that the top 
of a sediment will ultimately attain due entirely to the 
weight of the soil particles in a layer of single-particle 
thickness and not influenced by the load resulting from 
an accumulation of particles above this increment. 

The exact value of this voids ratio would be difficult | , 
to determine in all instances. Therefore the compres- 
sion curves plotted for all the tests performed in the 
Bureau’s subgrade investigations were studied to de- 
termine some general form of curve that could be used 
for practical purposes to express, approximately, the 
relation of voids ratio to load for loads of less than 0.1 
ton per square foot. 

It was found that such a curve, extending to a voids 
ratio high enough to satisfy the requirements of prac- 
tical application, has the form of the broken lines in 
figure 11. This curve is expressed by the following 
empirical formula, the numerical constants of which 
were evaluated by the method of least squares. 

6= B-2Z(1.69 1.0797 1-013 50.) eee (6) 
in which 

e=volds ratio for loads between 0.01 and 0.10 
kilogram per square centimeter. 

B=intercept of the straight-line portion of the 
semilog plot of the curve at the 1.0 kilo- 
eram per square centimeter load ordinate. 

=slope of the semilog plot of the straight-line 
portion of the curve, or range in value e 
for unit change in log p. 

r=2+log p. 

Using this formula the voids ratios corresponding to 
various loads between 0.01 kilogram per square centi- 
meter and 0.10 kilogram per square centimeter for the 
mucks in this analysis are as shown in table 6. 

The broken-line curves in figure 11, for loads smaller 
than 0.1 kilogram per square centimeter, and the solid- 

For procedure see Subgrade Soil Testing raga by C. A. Hogentogler and 
E. A. Willis, proceedings of the A. 8S. T. M., 1934, 

Vol. 16, No. 12 

line curves for loads greater than 0.1 kilogram per 
square centimeter, are assumed, therefore, to express 
the relation of voids ratio to load between small or zero 
loads and loads at the plastic limits. There is a gen- 
eral tendency for all of the curves to intersect in a com- 
mon point corresponding to a voids ratio of about 0.66 
on the ordinate for 10 kilograms per square centimeter. 

RELATIVE RATES OF CONSOLIDATION OF SOIL STRATUM AND SOIL 

SAMPLE COMPARED 

The time-compression curves used in this analysis are 
shown as semilogarithmic graphs in figure 14. These 
curves are the averages of the individual time-compres- 
sion curves for different load increments after certain 
ones had been eliminated because of obvious error. 

Before using the curves in figure 14, in estimating 
the speed of consolidation of soil strata in place there 
must be determined the relative periods of load applica- 
tion at which equal percentages of compression occur in 
the soil strata and in their representative laboratory 
samples. 

TaBLE 6.—Characteristics of compression curves for undisturbed 
muck samples 

Voids ratio, e, for the following loads 

Material from core no. Ke Ke Kg Ke Kg Kg 

cm cm cm | cm | cm |} cm 

[eee 2s ss chee a ee ee 1.86 | 1.25 3.97 3.93 | 3.86 | 3.59 | 3.30 pb | 
Do Mien wate eae see ae oe aie 1.20 . 52 2.08 2.06 | 2.03 | 1.92 | 1.80 Tate 
be ee eee eee 1.98 | 1.30 4.18 4.14 | 4.06 | 3.78 | 3.48 3.28 
(ee ee ee ene 1. 24 60 2.25 2.23 | 2.20 | 2.07 | 1.93 1. 84 

De weect ees sceeeaecoaeeeens 1. 64 85 3.08 3.05 | 3.00 | 2.82 | 2.62 2.49 
102 Se ee eee 2.10 | 1.47 4.58 4.54 | 4.46 | 4.14 | 3.80 . 57 

Values of (1.69—1.077?+- 
Q:3823) for these loads=---2=|2-- =e |==-aae 1.69} 1.66 | 1.60 | 1.38 | 1.15] 1.00 

The determination is made on the basis of the time 
required for a unit volume of water to travel a unit 
distance through the soil pores and for the conditions 
(see fig. 15) met in this report. The method is as 
follows: 

Case 1.—Water free to flow from both top and bot- 
tom of the soil stratum. 

Let e;=voids ratio of both soil sample and soil 
stratum before compression, under pres- 
sure of 7). 

é2=voids ratio of soil sample and soil stratum 
after compression by pressure 7». 

,=thickness of the soil sample at e,. (See for- 
mula (1).) 

D,=thickness of the soil layer at ¢. 
t=average time required for a unit volume of 

water to travel a unit distance through the 
soil during the change from @é; to é». 

tg—time required for the soil sample to consoli- 
date from eé, tO é. 

tp—time required for the soil layer to consoli- 
date from é; tO é. 

The total units of water volume to be squeezed out 
of the oy sample per unit of cross-sectional 

€2 

1+¢ 
face. The average distance traveled by each unit of 

area equals 2 d,, one half of which flows out of each 

water equals a 

ae Ae". 
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Therefore the time required for the laboratory 
sample to consolidate from a voids ratio of e, to e, is 

are di dy 
ea, Or ae 

In the same manner the time required for the soil 
stratum of thickness D, to consolidate an equal amount 
1S 

17 Di Di 

Then 
tga de -=pe 41, Slap Syncs Nt Pe eae (7) 

Case 2.—Water free to flow out of but one face, 
either top or bottom of the soil stratum. 

In this case all of the water or Tans D, units per 
1 

unit area of soil face must escape in one direction and 

the average distance it travels is se Then the time 
2 

of consolidation of the soil stratum becomes 
pe Cin ts dD, 

tp=T 3 ¢, KX 9 ot 

and 

td? 
(iA D fete ee 8) 

STATE OF CONSOLIDATION OF MUCK SAMPLES PRIOR TO FILL 

CONSTRUCTION IMPORTANT 

This analysis involves four distinct computations, 
which are: (a) State of consolidation of the muck 
deposit prior to the fill construction; (6) elevation of the 
top of the muck layer immediately after completion of 
the fill; (¢) amount and rate of subsequent consolida- 
tion produced by the fill material; and (d) the moisture 
content of the muck at the locations from which cores 
were obtained. 

The layer of muck at the location of boring S—6 from 
which core 5 was taken, had a bottom elevation of 
—15.9 feet when the borings were made and a top 
elevation of —3.0 before construction. Since it is not 
likely that the elevation of the firm sand under the 
muck changed appreciably during the construction of 
the fill it seems reasonable to assume that the thick- 
ness of the muck layer was 12.9 feet prior to con- 
struction. 

The consolidation of the muck layer caused by the 
weight of the soil solids alone is estimated as follows: 

At any voids ratio the weight of the solid material 
in a volume of the muck below water level is given by 
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the formula 
i 

IW.= V7, (G.— Gu) SSS a i in (9) 

in which 
IW,=the weight of the immersed solid material. 

V=the volume. 
e=the voids ratio. 

G,—=the specific gravity of the soil, in this 
case 2.6. 

G,,—the specific gravity of water, in this case 1. 
At elevation —3.0 under zero load the voids ratio for 

core 5, from the load-compression relation, table 6, is 
4.18 and at a depth of 1 foot (30.48 centimeters) the 
pressure would be 
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1 1 ; 
30.48X 777 7g% 2.6 1) X79 99 = 0:0094 kilograms per 

square centimeter. 
This pressure, according to assumptions used in 

developing a standard form for the load-compression 
curve (see complete work sheet, fig. 16) cannot further 
consolidate the layer and consequently the voids ratio 
at elevation —4.0 is 4.18, the same as at elevation 
—3.0. 

The combined weight of the first 2 feet of muck is 
0.0094-+-0.0094 or 0.0188 kilograms per square centi- 
meter, which is the pressure acting at elevation —5.0. 
Proper substitution in formula (6), or reading directly 
on the corresponding curve, figure 16, shows that this 
load can consolidate the sample to a voids ratio of 4.08. 

Continuation of this process provided the data of 
table 7 and figure 16D, which shows the pressures 
acting at all locations throughout the thickness of the 
muck deposit before the fill construction. 

LENGTH OF TIME REQUIRED FOR COMPLETE FILL SETTLEMENT 

DETERMINED 

The computations were based on the assumption 
that the muck bed was completely consolidated by its 
own weight. According to formula (7) the greater the 
thickness of the layer the longer will be the time re- 
quired for complete consolidation. To test the validity 
of this assumption, the greatest possible length of time 
required for complete settlement must be known. For 
computing this, the maximum possible thickness that 
the soil deposit could ever have had must be used. 
This is derived as follows: 

The average voids ratio of the deposit as determined 
by averaging the voids ratios shown in table 7 is 3.60. 
It may then be assumed that the voids ratio of the muck 
layer during the course of natural consolidation under 
its own weight changed from 4.18 to an average of 
3.60. This means that every increment of thickness 
in the layer would have retained a voids ratio of 4.18 
had it not been required to carry the load imposed by 
additional deposits. It may be assumed that the maxi- 
mum thickness of the deposit never exceeded that repre- 
sented by a voids ratio of 4.18. 

TABLE 7.—Degree of consolidation of material prior to construction 
at point where core 6 was taken 

E : Thick Total Voids onan 
levation (feet) ness | | Lae ratio per foot 

depth 

Kg per Kg per 
Feet sq. cm sq. cm 

oe Bon ated Gr oe ee ee ee 0 0 4,18 0. 0094 
an op eto ees eee prt en Reena fy. 1 0. 0094 4.18 - 0094 
Bhs Po eee See ke Se ee ee ay een 2 - 0188 4.08 . 0096 
= 6:55.25 eee, AS See oeenanene weal t 3 . 0284 3. 94 - 0099 
i ne een ear le hn ee eae 4 - 0383 3. 80 - 0102 
Bi els g ss. Pee ares TSR ee ge eee 5 0485 3. 68 0104 
et ee eee ee ee ae ee eee 6 . 0589 3. 58 0106 
sR oe og en re eT eee eee Uf . 0695 3. 49 0109 
sep (ERE aA eh Be Py NE ad 2S Se ep 8 . 0804 3.40 .0111 
ae LD pet et ee Oe Ce ee eee eee oe 2 9 0915 3. 33 0113 
=f RN ee Ay ee SE oh Be wt A 10 . 1028 3,27 0114 
= 1D Sie Ae ee ea ae 11 - 1142 3. 21 - 0116 
aD hi eee eee Sel Sia 3) Se Rhee 12 . 1258 3.15 - 0117 
=i 5.9: ee Sn Fe a ts. AES 12.9 . 1363 Py lil (1) 

Ayers go.& Ss-t6 2) toe eee eck |e. ee ee ee ee SPA Nt epee ee Sa, 

1 (0.9X0.0117=0.0105.) 

If the muck layer, with an original voids ratio of 
4.18, were compressed to a voids ratio of 3.60 and a 
thickness of 12.9 feet, then its original thickness may 
be computed from the formula 

Vol. 16, No, 12 

1 
TEeXD=D, Fi NF (10) 

in which ¢, is the original voids ratio, in this case 4.18, 
corresponding to a thickness of D,, and e, is the voids 
ratio of the compressed material, in this case 3.60, 
corresponding to a thickness, D2, of 12.9 feet. 

Then 

144.18 
143.60 

The manner in which the formation of the muck 
deposit took place is a matter of conjecture. To esti- 
mate the time of ultimate settlement of the muck 
deposit, it may be assumed that the layer was origi- 
nally 14.5 feet thick with a uniform voids ratio of 4.18. 
According to the test data the thickness of the labora- 
tory sample at this voids ratio would have been 0.51 
inch and equilibrium under its own weight was reached 
in 1,200 minutes. The time required for the consoli- 
dation of the muck deposit is computed from formula 
(7) as follows: 

_taXD2_ 1,200 (1214.5)? 
ey ay 0.512 

D <12.9=14.5 feet. 

= 140,000,000 minutes tp 

or about 270 years. 
Geologists have estimated the age of the muck layer 

at Four Mile Run as several thousand years. Accord- 
ing to what precedes, it would take about 270 years for 
the completion of consolidation caused by its own 
weight.?° 
cent consolidation has occurred within the muck layer 
at the location of core 5, prior to fill construction, is 
well founded. 

Similar computations were made for boring S-9, 
located 264 feet to the left of the centerline, station 
183-++00, where core 6 was obtained. The computed 
time of complete settlement at this location was 2,230 
years, the greatest for any location at which borings 
were made. This is considered as within the esti- 
mated age of the muck. Therefore, the assumption 
that complete consolidation caused by its own weight 
had occurred throughout the muck layer prior to fill 
construction is consistent. 

TYPICAL METHOD OF ANALYSIS FOR SECTION UNDER FILL LOAD 

According to table 7 the average voids ratio of the 
muck layer at boring S—6 is 3.60, which corresponds to 
a load of ‘0.057 kilogram per square centimeter acting 
until consolidation under this pressure is complete. 

The results of borings made 6 months after fill con- 
struction are shown in figure 16C. According to this 
figure the muck at this time supported a gravel layer 
9.0 feet thick and had a top elevation of —4.9 feet as 
compared with —3.0 feet before the improvement was 
begun. 

Assuming that the gravel layer does not consolidate, 
it will have a constant thickness of 9 feet acting con- 
tinuously after fill construction. Consequently, the 
difference between —4.9 and —3.0 must be accounted 
for by a change in thickness of the muck layer. 

The muck will, of course, consolidate under load. 

10 This value is not to be confused with the time of ultimate consolidation under the 
fill of 243 years subsequently determined. The value of 270 years represents the 
computed time for complete consolidation of the muck caused by its own weight acting 
within the layer itself. It is based on a layer 14.5 feet thick. The value of 243 years 
represents the time required for the muck layer to reach complete consolidation due 
to the superimposed gravel fill, and is based on a layer only 12.2 feet thick. 

Consequently, the assumption that 100 per- | 
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Ficure 16.—GrapHicaL ANALYSIS OF THE COMPRESSION TEST DaTA OF UNDISTURBED MATERIAL FROM Core No. 5. 

Furthermore, there is a possibility that during the 
pumping operations a portion of the muck layer was 
displaced laterally. No measurements were made to 
determine the extent of lateral flow during construc- 
tion. The thickness of the muck layer displaced in 
this manner, therefore, must be determined by a series 
of approximations before the analysis of settlement can 
be completed. 

Had no lateral flow occurred, the gravel fill when first 
constructed would have rested on top of the muck layer 
shown in figure 16C, left. The effect of the fill acting 
for 6 months would be to reduce the thickness of 
the muck layer by an amount indicated by the load- 
compression and time-compression curves. 

The thickness of the muck layer disclosed by the 
boring subtracted from the computed reduced thickness 
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gives an estimate of the thickness of the material 
displaced by lateral flow. 

Because of this loss of material both the thickness 
of the muck layer and the load acting on it immedi- 
ately after construction are less than those used in the 
first computation. Consequently, a second approxi- 
mation is made using a revised thickness and load. 
This process is repeated until the computed thickness 
practically equals that determined by the borings. 

The results of such computations, shown in figure 16, 
were obtained in the following manner. The load 
imposed by the gravel fill, 6 feet above water at 110 
pounds per cubic foot and 3 feet below water at 68.5 
pounds per cubic foot was computed to be 0.422 kilo- 
gram per square centimeter. The average voids ratio 
of 3.60 referred to above equals that produced by a 
load of 0.057 kilogram per square centimeter com- 
pressing the sample for a long time. 

This load of 0.057 kilogram per square centimeter is 
not the average load acting throughout the depth of the 
deposit. It is the load acting on top of a layer of zero 
weight that will produce a voids ratio equal to the 
average voids ratio produced by the variable load dis- 
tributed through the deposit. 

The total effective load acting on top of the layer is 
0.057+0.422=0.479 kilogram per square centimeter. 
This will ultimately consolidate the sample to an aver- 
age é, of 2.40 (equation (4) or fig. 16). The difference 
in voids ratio produced by the additional load equals 
3.60—2.40 or 1.20. 

The percentage of consolidation which will occur in 6 
months may be obtained from formula (7) and the 
time-compression curve. The thickness, D,, of the 
muck layer was 12.9 feet. The thickness of the labo- 
ratory sample, d,, corresponding to the average voids 
ratio of 3.60 is 0.452 inch. The time of settlement of 
the muck layer in place, tp, is 6 months. Substitution 
of these values in formula (7) indicates that the time 
in the laboratory, tz, in which the same percentage of 
compression will be accomplished, is 2.24 minutes. 
This according to the time-compression curve, figure 
16B, corresponds to 35.7 percent. Consequently, 
the amount of additional compression accomplished 
in 6 months is represented by a change in voids ratio 
of 35.7 percent of 1.20 or 0.48. The reduced voids 
ratio of the muck layer is therefore the initial voids 
ratio 3.60 minus the reduction 0.43, or 3.17. 

This is indicative of a thickness of muck layer 6 
months after fill construction of 

Noetned Wf 

1+3.60 

The boring (fig. 16C, middle) shows that the muck 
layer was actually 11.0 feet thick at this time. It is 
apparent, therefore, that approximately 0.7 foot of 
muck had been laterally displaced. At what point or 
points within the muck layer this amount was lost is 
not known. However, it is obvious that the least 
stable portion of the muck would be displaced. The 
top of the layer has the highest voids ratio, according to 
table 7, and therefore the least density and least re- 
sistance to lateral flow. In subsequent computations, 
it is assumed that 0.7 foot of muck was removed from 
the top of the layer. 

The second approximation is therefore made on the 
assumption that the muck layer is only 12.2 feet thick 
instead of 12.9 feet thick. This has the effect of in- 
creasing the amount of gravel under water to 3.7 feet 

12.9X ENA, fi feet 
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and decreasing the amount of gravel above water to 
5.3 feet. The load produced by the gravel in this 
position is 0.408 kilogram per square centimeter. 

A further effect of the removal of 0.7 foot of muck is 
a change in the average voids ratio of the muck layer, 
as the material removed according to preceding as- 
sumptions had a voids ratio of 4.18 against the average 
of 3.60. This results in a lower average voids ratio, 
equaling 3.57 in this case, corresponding to a compres- 
sion load of 0.060 kilogram per square centimeter. The 
weight of the displaced muck equals 0.7 X 0.0094 or 
0.007 kilogram per square centimeter. The total load 
is thus 0.408 + 0.060 — 0.007 or 0.461 kilogram per 
square centimeter. According to the load-compression 
curve, figure 16A, this load will ultimately produce a 
voids ratio of 2.42. 

Continuing the computations as in the first approxi- 
mation, it is found that the reduced thickness of muck 
layer, 6 months after fill construction, becomes 11.0 
feet, which is the thickness as determined from the 
borings. 
_ Consequently, the revised profile showing conditions 
immediately after fill construction (fig. 16C, right) is 
ete tee on the basis of a muck layer 12.2 feet 

ck. 

SETTLEMENT ANALYSIS COMPLETED AND MOISTURE CONTENT 

OF SAMPLE ESTIMATED 

In the same manner that the thickness of 11.0 feet 
was computed for a period of settlement of 6 months 
under a load of 0.461 kilogram per square centimeter, 
thicknesses may be computed for any desired period 
up to the time of ultimate settlement. By proper sub- 
stitutions in formula (7) the period of time required 
for ultimate settlement, e.=2.42, may also be deter- 
mined. Results of such computations are shown in 
table 8. 

The moisture content of core 5 was determined from 
a sample taken from the top of the core shown in figure 
16C, middle, at an elevation of —9.0, or 6.9 feet above 
the sand layer. The core was taken 6 months after fill 
construction. The muck layer, 12.2 feet thick im- 
mediately after fill construction, had consolidated to a 
thickness of 11.0 feet. Consequently, the position of 
the top of sample 5 immediately after fill construction 

seas nae or 7.7 feet above the 

sand layer, which corresponds to an elevation —8.2 as 
shown in figure 16C, right. 

was approximately 

TABLE 8.—Computed settlement for different periods of time 

E Average | Consolida- | Computed | Computed 
Period of settlement (months) | voids ratio tion thickness | settlement 

Percent Feet Feet 
QueAne see eee te ae eas see ae ae 3. 57 0 12:2 0 
]ceeac ten one e es seoe cee eet e eee 3. 38 16.1 NG, 0.5 
62 Sees ae eae es eeeseet es aoeee 3.14 37.4 11.0 ila. 
19 ote ees dee Joc e coe ees 2. 98 61.2 10.6 1.6 
Wie casero ee Hee eer et a cace aoe 2. 84 62.8 10.3 1.9 
86.2 nck Ree tees 2. 69 76.1 9.9 258 
Maximuaiytae oe ooeee ne eee ee 2.42 100.0 9.1 3.1 

1 Occurs in 243 years’ time. 

From table 7, the voids ratio at elevation —8.2 is 
found by interpolation to be 3.66, which corresponds to 
a load of 0.051 kilogram per square centimeter on the 
load-compression curve, figure 16A. This, minus the 
load of 0.007 kilogram per square centimeter lost by 
lateral flow and added to the fill load of 0.408 kilogram 
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per square centimeter, makes a total load of 0.452 kilo- 
gram per square centimeter acting on the sample. 
Ultimately this will consolidate the sample to a voids 
ratio of 2.43, causing a decrease in voids ratio equal to 
3.66—2.43, or 1.23. | 

The percentage of consolidation that occurs in 6 
months in this sample is 37.4 percent or the same as 
that occurring in the entire layer as shown in table 8. 
Therefore, the voids ratio of the sample after 6 months 
equals 3.66— (1.23 0.374)=3.20. This corresponds to 

a moisture content of x 100, or 123 percent, as com- 

pared with the moisture content of 125 percent as ac- 
tually determined in the sample. 

The computed moisture contents shown in table 2 
and the computed settlement shown in table 3 and 
figure 7 were determined in the manner described above. 

METHODS OF COMPUTING FILL SETTLEMENT DISCUSSED 

The method of computing the settlements in this 
report was adopted after much preliminary work in 
which other somewhat similar methods were tried and 
rejected after analyzing their suitability and reliability. 

Most of the work of estimating probable settlement 
of loaded soil layers rightfully belongs in the field of 
foundation engineering. Problems in this field gen- 
erally differ from that studied at Four Mile Run, since 
the loads are transmitted from building to soil by foot- 
ings, rafts, piling, etc. There is no uniform loading, 
such as is produced by a fill, and the compressible layers 
are usually under appreciable topsoil overburden. ‘This 
makes the determination of the pressures quite a difficult 
problem and lessens the importance of variations in 
voids ratios in the layer. The voids ratio of a core 
taken within the layer is generally assumed as the voids 
ratio of the layer. Additional data on foundation settle- 
ment estimation from compression tests have been 
published." 

A simpler method of computing settlements is to use 
the natural moisture content and corresponding voids 
ratio of the undisturbed sample as the initial voids 
ratio, ¢;, and determine the ultimate voids ratio, é2, to 
which the layer would compress under load, directly 
from the load-compression curve. Having the total 
settlement, one can determine the settlement occurring 
after any given time interval. 

This method gives fairly accurate results for most of 
the locations discussed in this report. However, re- 
search along more accurate lines had to be performed 
to determine the validity of various methods. For 
study of conditions at Four Mile Run the more accurate 
method seemed desirable. The muck bed at that loca- | 
tion was sampled after it had undergone some 6 months 
of compression under the fill load instead of prior to 
construction, as would be the case in a general investi- 
gation of settlement. This alone indicated a need for 
a special method of computation. 

The wide range of voids ratios existing in the layer 
from top to bottom was a further indication of the need 
for the more accurate procedure. According to table 
7 the theoretical voids ratio of a sample from elevation 
—5.0 would have been about 4.08 prior to fill construc- 
tion. A sample from elevation —15.0 would be ex- 
pected to have a voids ratio of 3.15. In the case of a 
deeper layer the voids ratio of the muck at elevation 

11 Progress Report of Special Committee on Earth and Foundations, Proceedings 
American Society of Civil Engineers, May 1933, 

—40.0 would be about 2.40. The actual core sample in 
this case was taken from the muck at elevation —9.0 
after 6 months compression under Joad. Calculations 
based on the moisture-content determination indicate 
that this material was at elevation —8.2 prior to fill 
construction. ‘Table 7 shows that sample 5 would have 
had a voids ratio of about 3.66 at that time, correspond- 
ing to a natural moisture content of 141 percent. 

This value happens to be quite close to the average 
voids ratio of 3.60 determined for the layer. Therefore, 
in this particular case there is little difference in the 

; settlement determined by either method. However, 
the use of test results from core 5 material in the 
computations for all points used where settlement 
comparisons were made would have necessarily yielded 
much more inaccurate results for the thicker portions 
of the muck bed, since the average initial voids ratios 
decrease with an increase in thickness. The settlement 
estimated by this simple method decreases as the voids 
ratio of the sample decreases. The degree of error 
introduced by the method depends on the difference 
between the voids ratio of the sample and the average 
voids ratio of the deposit. 

For example, the total settlement at the location of 
core 5 based on a sample taken at elévation —5.0 
equals about 32 percent of the thickness; that based 
on a sample taken at elevation —15.0 is only 21 percent 
of the layer thickness. In this instance the settlement 
estimated by the simpler method (sample taken at eleva- 
tion —8.2) becomes 27 percent as compared to the value 
determined by the adopted method, of about 25 percent. 
It is interesting to note that the computed settlement 
based directly on core 5 test data without a 6-months 
correction is 21 percent of the layer thickness, or that 
indicated by the material sampled at —15.0. 

TABLE 9.—Settlement computations by 1-foot increments for boring 
S-6 based on core no. 6 

Aver- Result- 

rots | oragh site rae | Boe |e | lk ota voids | muc. H thick- 
Elevation (feet) | THICK-| muck | VHS} ratio | load | 8t@vel |sulting| *) 2.0 

ness ratio and | voids load for | (aver- muck ti of 1- 
each | aged) | 15 4 TBULO si 1o0t 
foot layer 

Kg per Kg per | Kg per 
Feet | sqg.cm sq. cm | sg.cm Feet 

So eee ae ee 0 0 Ca NS) (ae el O:B22b seen | eee 
anh Be aa 1 0. 0094 4.18 4.18 |0.0047 | .4272 2.47 0. 67 
== 6 2 See aa ee ee 2 .0188 | 4.08} 4.13 | .0141 | .4366 | 2.46 . 67 
Se | eee age eS 3 . 0284 3. 94 4.01 | .0236 | .4461 2.44 . 69 
a SEN Rm EE, 4 . 0383 3. 80 3.87 | .03335| .45585) 2.43 .70 
eee Se Ae 5 . 0485 3. 68 3.76 | .0434 | .4659 2,41 eke 
a Es a ere 6 . 0589 3. 58 3. 63 0537 | .4762 2. 40 AY) 
— 1S a ee 7 . 0695 3. 49 3. 535} . 0642 4867 2. 39 - 15 
Se ee ee ee 8 . 0804 3. 40 3.445) .07495} .49745| 2.37 . 76 
ao Re om) . 0915 3. 33 8.365] .08595] . 50845} 2.36 Ske 
By OP ee ee ee 10 . 1028 3, 27 3.30 09715] .51965) 2.35 .78 
a Ye en, ee 11 . 1142 3. 21 3. 24 1085 5310 2.33 .79 
E10 ee pet Ee ae 12 . 1258 8.15 3.18 | .1200 | . 5425 2. 32 -79 
15:0 ee ae 12.9 | . 1363 3. 11 3.13 | . 13105) . 55355) 2.31 wie 

AVOCrAgC ON tOtal | see eas see aa Celt Roe Se Bee ee eee 2. 39 9. 54 

Table 9 presents evidence that the use of the average 
voids ratio, as determined in table 7, in computing 
settlements gives the same result as a summation of the 
compression of each 1-foot increment determined 
separately. In table 9 the average voids ratios for 
each 1-foot layer are given with the corresponding load 
increments and total loads. The resulting ultimate 
voids ratios are determined from the load-compression 
relation and the compressed thickness of each increment 
is obtained in the same manner as before. A value of 
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total ultimate thickness of 9.54 feet is obtained as 
compared with the value of 9.53 feet obtained by the 

The 
average of the final voids ratios derived by this foot-by- 
foot determination is 2.39, while that determined from 

use of the average voids ratio of the entire layer. 

the average voids ratio of the entire layer is 2.40. 

SETTLEMENTS MAY BE ESTIMATED BY AN APPROXIMATE METHOD 

The relations established in the foregoing analysis 
suggest an approximate method for rapidly estimating 
settlements in similar deposits. It appears that a 
knowledge of the moisture content of the material in 
its natural state and of the type of fill to be constructed, 
combined with probe borings to disclose the depth of 
the muck layer, furnish sufficient information for a 
rough estimate. 

This could be carried out in some such manner as 
follows: 

1. Make sufficient probe borings to determine the 
thickness of the muck layer. 

2. Obtain several samples of the muck for moisture 
content determination and routine tests, if desired. 
These samples can be taken during probe boring by 
driving a pipe smaller than the casing into the soil just 
below the elevation penetrated by the casing. Samples 
should be obtained near the middle of the layer. 

3. Determine the moisture content of each sample. 
Use the highest value and assuming that this value 
represents the moisture content at the liquid limit, 
determine the compression index, Z, from figure 13. 
An average value might be used but the highest value 
is suggested as being on the safe side. If the moisture 
content of one of several samples varies considerably 
from the others, it should be discarded. 

4. From formula (5) determine value of intercept B. 
From figure 11 select the load-compression curve near- 
est the determined values of B and Z. If no curve fits 
the values closely, or if otherwise desired, the load- 
compression curve may be plotted since the data are 
sufficient to fix the position of the curve. 

5. Determine the voids ratio corresponding to the 
natural moisture content, using a specific gravity of 
2.6. Determine the equivalent load from the selected 
load-compression curve. Add the amount of super- 
imposed load to be used, thus obtaining the total load. 
Read off the ultimate voids ratio from the chosen curve. 
Compute the maximum settlement. 

6. Using values of 0.4 inch for d,, and known field 
thickness, D,, in formula (7), determine the laboratory 
time interval corresponding to the selected field time 
intervals. Read the corresponding percentages off of 
figure 14. Any of the six time-compression curves may 
be used but it is suggested that all six be considered as 
a band, and for each time interval the bottom of the 
band be read since this will give higher percentages and 
thus any error will be on the side of safety. Determine 
the settlement for the selected time interval. 

The following example will serve to illustrate this 
short approximate method. 

Probe borings disclose that a muck layer about 15 
feet thick exists at the site of a proposed fill. The 
muck rests on a firm sand and is entirely under water. 
The proposed fill will produce a pressure of 1.5 tons per 
square foot. The natural moisture content of the muck 
is found to vary from 100 to 120 percent. Using this 
latter value, the compression index, Z, of this soil is 
about 1.33 according to figure 13. From formula (5) 

B=0.66+Z=0.66+1.33 or 1.99. 

According to figure 11 these values indicate a load- 
compression curve closely approaching that for core 5 
material. Consequently, that curve can be used. 
Using a natural moisture content of 120 percent, which 
corresponds to an initial voids ratio e,, of 3.12, the 
sample is found to be compressed by an equivalent 
load of about 0.13 ton per square foot, as read off the 
curve for core 5 material, figure 11. The total load is 
thus 1.50+0.13 or 1.63 tons per square foot. Accord- 
ing to the curve being used, this load is capable of 
compressing the muck to a voids ratio, é, of about 
1.70. The ultimate settlement for an initial thickness, 
D,, of 15 feet is 

€;— €2 

1+e, 

Substituting in formula (7) for the laboratory time 
period corresponding to 6 months in the field 

ERROR HD 
Dy ee 412 <15=-5.2 16608. 

4)? é 
t= 6X30 X 14407735 about 1.3 minutes. 

According to figure 14 the maximum consolidation 
occurring in any of the Four Mile Run muck samples 
in the laboratory at 1.3 minutes was about 38 percent. 
Therefore the estimated settlement likely to occur in 
6 months is 38 percent of 5.2 feet, or 2.0 feet. By the 
same procedure the settlement after 1 year is estimated 
at about 48 percent or 2.5 feet, and the settlement 
after 5 years is about 80 percent of the maximum or 
about 4.2 feet. Similarly the settlement after any 
desired time can be determined. 

The foregoing is not recommended as an accurate 
method but will give a rough estimate of settlements 
likely to occur in muck beds similar in character and 
subjected to loading of the character discussed in this 
report. In any case, it is desirable to perform the 
laboratory tests indicated in table 1 and to compare 
the results with those given in this table, and plotted 
in figures 3A and 3B. If the soil in question shows a 
considerable variation from these results, this method 
should not be employed. 
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